Magnetic resonance imaging (MRI) is seriously limited when aiming for visualization of targeted contrast agents. Images are reconstructed from the weak diamagnetic properties of the sample and require an abundant molecule like water as the reporter. Micromolar to millimolar concentrations of conventional contrast agents are needed to generate image contrast, thus excluding many molecular markers as potential targets. To address this limitation, we developed and characterized a functional xenon NMR biosensor that can identify a specific cell surface marker by targeted 129 Xe MRI. Cells expressing the cell surface protein CD14 can be spatially distinguished from control cells with incorporation of as little as 20 nM of the xenon MRI readout unit, cryptophane-A. Cryptophane-A serves as a chemical host for hyperpolarized nuclei and facilitates the sensitivity enhancement achieved by xenon MRI. Although this paper describes the application of a CD14-specific biosensor, the construct has been designed in a versatile, modular fashion. This allows for quick and easy adaptation of the biosensor to any cell surface target for which there is a specific antibody. In addition, the modular design facilitates the creation of a multifunctional probe that incorporates readout modules for different detection methods, such as fluorescence, to complement the primary MRI readout. This modular antibody-based approach not only offers a practical technique with which to screen targets, but one which can be readily applied as the xenon MRI field moves closer to molecular imaging applications in vivo.
spin hyperpolarization | targeted imaging W hen referring to xenon magnetic resonance imaging (MRI), the best-known application is the use of the isotope 129 Xe for facilitating the direct visualization of the airspaces and function of the lung (1) (2) (3) (4) . However, in the past few years, the scope for using 129 Xe for targeted biosensor imaging has notably increased (5) . The motivation to develop xenon-based biosensors is twofold. Xenon can be hyperpolarized, enhancing its signal by up to five orders of magnitude and enabling it to be detected at extremely low concentrations (5) . In addition, the exquisite sensitivity of xenon to its local chemical environment, as indicated by wellresolved chemical shift changes, brings with it the potential to distinguish not only localization but also specific functional events (6) (7) (8) (9) (10) . This sensitivity may also be exploited in the development of different xenon MRI contrast agents which could be used to perform multiplexed molecular imaging (11) , especially useful as clusters of biomarkers are often more informative than a single indicator.
The development of xenon-based contrast agents has been largely enabled by the development and application of the Hyper-CEST acquisition method (12) . Hyper-CEST is a technique which combines the advantages of hyperpolarized xenon gas (hp-Xe) (13) with the chemical exchange saturation transfer (CEST) detection method (14, 15) to significantly enhance signal to noise. Primarily, this technique facilitates the detection of very low amounts of contrast agent in a sample, and thus improves upon the previous sensitivity limitation of xenon biosensor MRI.
An added advantage of CEST is that the contrast can be switched on and off at will to minimize false positive results. This sidesteps the common problem of distinguishing the effects of the contrast agent from the background, as is the case for relaxivity-based MRI contrast agents. For Hyper-CEST MRI, the contrast is generated through the interaction of hp-Xe with different host molecules. These chemical hosts [of which cryptophane-A (CrA) has become a molecule of choice] transiently bind the xenon and, in so doing, generate a unique (and very large, >100 ppm) xenon chemical shift in NMR spectra. By saturating at this unique resonance frequency, CEST spectroscopy experiments can easily and unambiguously detect the presence of CrA in a sample, even at subnanomolar concentrations (16, 17) . In this way, xenon and CrA together act as a perfect "molecular reporter pair," whose interaction can be monitored and spatially resolved via xenon MRI in multiple different chemical environments simultaneously.
In response to these developments, there have been a number of recent studies describing the development of new xenon contrast agents (17) (18) (19) and biosensors (10, (20) (21) (22) (23) for xenon NMR applications. Critically however, only recently have images of cells been achieved with xenon MRI, with a nontargeted approach using the contrast agent CrA (24) . Consequently, questions remain as to whether cell-specific labeling using a targeted CrA biosensor can be detected through xenon MR imaging modalities (in addition to spectroscopy). Also, if so, what are the
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The field of xenon magnetic resonance imaging (MRI) is moving closer to the development of targeted xenon biosensors for in vivo applications. It is motivated by a ca. 10 8 -fold improved sensitivity compared with conventional proton MRI. This has been enabled by significant improvements to hardware (xenon polarizer design) and sensitivity (through the hyperpolarized 129 Xe chemical exchange saturation transfer technique). In this paper, we capitalize on these improvements by demonstrating targeted xenon imaging on cells using a modular xenon biosensor. With this method, we can detect target cells with as little as 20 nM of our xenon contrast agent. Imaging of such low levels of cell-specific xenon hosts is unprecedented and reinforces the potential of xenon-cryptophane biosensors for molecular imaging applications.
To this aim, we designed an antibody-based 129 Xe biosensor using CrA, for evaluating the suitability of cell-surface targets for xenon MRI applications. In this paper, we describe the development of such a biosensor for the detection of cluster of differentiation 14 (CD14)-expressing cells, although, as we will discuss, the biosensors' modular design allows for the fast and easy adaption of this methodology to any cell surface target for which there is a specific antibody. For this proof of principle study, the key design elements were versatility, biocompatibility, and the ability to quantify the CrA payload on target cells. Our target, cell membrane-associated CD14, is a glycosylphosphatidylinositol-anchored (55 kDa) protein, present on the surface of myeloid cells (25, 26) . CD14, in cooperation with Toll-like receptor 4, is a cell surface receptor for bacterial lipopolysaccharide (LPS) (27) , meaning that stimulating macrophage cells with LPS in vitro (as we do in this study) and pairing them with unstimulated fibroblasts provides an ideal model system for comparing CD14 expression. As CD14 is a well-characterized macrophage marker, a xenon MRI CD14 biosensor could be used to image pathologies in which macrophage activation is important, as has been demonstrated by proton MRI for atherosclerosis (28) and tumor-associated macrophage populations (29) , but with the added benefit of having switchable contrast and higher sensitivity.
Although an excellent candidate for xenon MRI biosensor development, previous biosensors incorporating CrA have indicated some potential limitations. Firstly, CrA is readily taken up by cells in a nonspecific manner (24) . Although useful for cell labeling, this inherent hydrophobic characteristic has led to speculation that even when conjugated to a larger targeting unit, CrA may facilitate a high nonspecific binding of the biosensor to cell membranes (21) . Having said that, good specificity has been reported in other constructs that carry multiple CrA units (23) . Secondly, quantification of a cell-bound CrA biosensor is desirable but challenging using xenon NMR alone, as only a certain percentage of the total CrA is occupied with xenon at any one time during the experiment and this fractional occupancy can change in different microenvironments (30) . Related to this fact, as there is limited information on the amount of cell-bound CrA needed for reliable xenon MRI detection, an understanding of the optimal CrA loading as well as a quantification of CrA per cell is valuable for future biosensor development as well as target selection.
Results and Discussion
The goal of this work was to demonstrate a modular, flexible biosensor design that can be used to investigate the suitability of a cellular target for xenon MRI biosensor development. The experimental design is depicted in Fig. 1 .
The CD14 biosensor is constructed in a two-part process and uses the high-affinity binding partners avidin and biotin to connect two functional modules (Fig. 1) . The first module we refer to as the "targeting module," and is made by conjugating multiple avidin molecules to an anti-CD14 IgG2b monoclonal Control: 3T3 fibroblasts High CD14 expressing: RAW 264.7 macrophages
Read-out modules
CrA for 129 Xe NMR conjuagted to biotin 1. Fig. 1 . Experimental design. The CD14 biosensor is comprised of an avidin-conjugated antibody targeting module and a set of biotin-conjugated readout modules for dual functionality (NMR/fluorescence) to selectively label high CD14-expressing cells. Multiple avidin molecules are conjugated to each targeting module, an anti-CD14 specific antibody, but for schematic simplicity, only one avidin is depicted per antibody.
Step 1. The biosensor can be applied in two different ways: sequential incubation (A and B), in which cells are incubated with the targeting module, followed by the readout modules, or via incubation with the complete construct (C), in which the targeting modules and readout modules are preconnected.
Step 2. Cells are washed to remove any unbound biosensor and harvested.
Step 3. Cellular uptake, biosensor specificity and cellular localization can be evaluated via the fluorescence readout module.
Step 4. The cell suspensions are placed into separate compartments within an NMR double phantom. The hp-Xe is bubbled through the samples for xenon MRI measurements.
Step 5. Illustrative xenon MRI shows a cross-section of the NMR double phantom. The CEST effect encodes the localization of the CrA readout module in the compartment containing the high-CD14-expressing cells.
antibody or to an IgG2b control antibody. Conjugation of avidin to lysine side chains, as achieved by this kit, facilitates the flexible, modular design of this method as opposed to direct conjugation of CrA to accessible side chains of a target protein (21) . This module contributes a high degree of specificity of the biosensor to the target RAW 264.7 macrophage cell line, compared with the control 3T3 fibroblast cell line as confirmed by flow cytometry analysis (Fig. S1A ). The second module is referred to as the "readout module." This module can be customized to contain chemical identifiers for either 129 Xe NMR or fluorescence detection. These modules are defined as either a single CrA monoacid or a single fluorescein molecule conjugated to a single biotin molecule via a polyethyleneglycol (PEG) chemical spacer ( Fig. S2 A and B) , and serve as readout modules for 129 Xe NMR and fluorescence applications respectively. As each avidin protein can bind four biotin molecules, this modular construction results in a minimum fourfold increase in readout modules to every antibody. However, given the large number of potential avidin conjugation sites per antibody and the molecular ratios used in the avidin conjugation (4:1, avidin:antibody), it is likely there is more than one avidin per antibody and that this amplification factor is higher still. The modular approach also ensures that both targeting and readout components are equally adaptable. This includes the potential to screen different targets efficiently by making a panel of avidin-conjugated antibodies or to build new biotin-conjugated readout modules with alternative fluorophores or CrA moieties, thus reducing the time investment in design and construction of new chemical constructs for each target. Importantly, the antibody-based design should also be amenable to in vivo applications, as we will discuss later.
As one of the main aims of this modular design was to enable versatility, it was important that the biosensor system could be applied in two different ways: either by sequentially adding the targeting module and readout modules to cells in separate incubations or by preconnecting the modules and then adding the complete construct to cells in a single incubation. Sequential incubations of each module facilitate a quick customization of the readout for specific needs, e.g., changing the ratio of CrA−biotin: fluorescein−biotin in the second incubation to favor a higher CrA loading for xenon MRI experiments. This strategy relied on the equal binding affinity of the two readout modules for the avidin-labeled targeting module. To test this, a series of flow cytometry experiments were performed, which confirm that the ratio of the readout modules in the incubation media is retained in the final labeled cells (Fig. S3) . This is important, as it enables a quantification of CrA on labeled cells via the relative quantification of fluorescein, as we describe later. In a parallel design strategy, we made a third readout module in which a CrA diacid molecule was linked to both a biotin and a fluorescein molecule via PEG spacers (Fig. S2C) . We termed this the "branched" readout module. The goal of this construct was to facilitate a more refined quantification of the CrA on labeled cells, as the CrA:fluorescein ratio is always fixed in this construct in a 1:1 fashion.
First results using the sequential incubation of the two modules (using a 4:1 CrA:fluorescein readout module ratio) confirms that the CD14 xenon MRI biosensor has good selectivity for high-CD14-expressing cells as determined by both flow cytometry ( Fig. 2A ) and fluorescence microscopy (Fig. 2B) . As predicted for a biosensor that targets a cell membrane protein, the biosensor is predominantly localized at the surface of the target RAW 264.7 cell line (Fig. 2B) . Xenon NMR spectroscopy analysis of the two cell lines also clearly demonstrates a significant response at the resonance frequency for CrA (∼120 ppm relative to free xenon in solution), in the target RAW 264.7 cell line incubated with the CD14 biosensor (Fig. 2C) . By comparison, there is no significant response in either the control 3T3 fibroblast cells or in either cell line incubated with the control IgG targeting module or the readout module alone (Fig. S1B) . Evaluation of the CEST spectra of the RAW 264.7 cells incubated with the CD14 biosensor at lower power (Fig. 2D) clearly indicates the presence of two CrA-associated pools. These resonances correspond to CrA within a lipidic/cellular environment (left peak) and CrA within an aqueous environment (right peak), and are consistent with results from previous cell experiments (21, 24) . As the cells are thoroughly washed after the incubations with the biosensor modules, both of these CrA pools can be described as being specifically 'cell associated' and thus reflecting the total amount of biosensor that was attached to each cell sample. Further work would have to be done to characterize whether these represent two populations of biosensor in different local chemical environments of the cell (for example, membrane bound versus internalized biosensor). The xenon MRI detection method described in this paper employs direct bubbling of the xenon into the cell suspension (as depicted in Fig. 1 ). This high through-put method is the most appropriate to quickly screen the suitability of different biosensors, although it compromises cell viability in the cell lines used in this study (Fig. S4) . Previous experience demonstrates that the chemical shifts detected by direct bubbling experiments are consistent with those detected in a live cell bioreactor setup (24) and that the impact of bubbling on viability can vary largely between cell lines (supporting information of ref. 23 ). This means that results from promising candidates in the direct bubbling experiments can be reliably translated to a more complex bioreactor experiment at a later stage.
To further qualify the biosensor, we also tested its ability to distinguish the target cell line by xenon MRI. To this end, we incubated cells either sequentially with the individual reporters, as described above, or sequentially with the branched readout module. In addition, we performed a single incubation of cells with the complete biosensor construct (in which the two modules are preconnected beforehand). The combined results are shown in Fig. 3 . They confirm that in all application styles, the antibodybased CD14 129 Xe NMR biosensor can accurately discriminate between high-CD14-expressing RAW 264.7 macrophages and 3T3 fibroblast cells by both xenon MRI and fluorescence techniques. Flow cytometry also accurately reports the expected fourfold increase in fluorescence when using the branched readout module for the sequential incubations (comparing Fig. 3  A and B) and an improvement in labeling efficiency for the complete construct over the sequential methods. Xenon MRI results correctly localize the target cell line in the inner compartment, as visualized by overlaying the Hyper-CEST xenon MRI image over a proton MRI reference (Fig. 3 A-C, Center) . In addition, localized spectroscopy can also be obtained by acquiring an image series over a range of different saturation frequencies and evaluating signal intensity in different areas in that image series (Fig. 3C, Upper Right) . The quantification of cell-associated CrA in the inner compartment was determined to be ∼20 nM in the sequential incubations and ∼150 nM in cells incubated with the complete construct ( Fig. 3 and Fig. S5 ). This low level of detection of cell-specific CrA by imaging is unprecedented and reinforces the potential of xenon−cryptophane biosensors for molecular imaging applications.
Given the potential for high numbers of CrA per biosensor to mediate unspecific binding (21) and cell toxicity (9, 24) , this quantification also speaks to the potential benefit of tuning the CrA load to achieve suitable detection, whether via this modular system or through other scaffolds (20, 23) , while minimizing undesirable effects such as unspecific binding of the hydrophobic cage, which is prevented in our case. The higher CrA content of cells incubated with the complete construct is likely the result of a more efficient connection of the two modules, which is done before cell incubation in a phosphate buffer solution, for these samples. In the sequential incubations, the cells are incubated with the targeting module in a BSA-containing buffer, the endogenous biotin content of which may reduce the subsequent binding of readout modules. Although a limitation in this context, the sequential incubation in the presence of some endogenous biotin is an important consideration for future in vivo experiments, as we will discuss shortly.
Overall, the modular design approach of the biosensor offers several advantages. As a tool for screening different potential xenon MRI cell surface targets, the separate targeting and readout modules maximize the flexibility and minimize the cost of developing new biosensors. The ratio of the single-labeled readout modules can be selectively adapted to the needs of each experiment while maintaining an ability to reference the CrA quantification to that of the fluorescein. Alternatively, if desired, a branched readout module containing equimolar amounts of CrA and fluorescein can also be effective.
Antibody targeting in general offers high specificity, meaning that problems of nonspecific binding seen in other CrA constructs (21) may be minimized in this system, both in the case of the complete construct (which also serves to increase the solubility of the CrA moiety) and for the sequential method for which washout protocols can be used. In addition, the sequential style of these experiments offers the possibility to translate this method to in vivo settings once a suitable target is identified. Indeed, pretargeting with antibodies followed by sequential labeling with an effector molecule, including the use of the avidin/ streptavidin−biotin system to connect these two modules, has already been successfully used in proton MRI (31) as well as radioimmunotherapy studies (32) (33) (34) . For antibody targeted systems, there are two major advantages of separate delivery; reduced toxicity of the effector molecule and faster specific labeling. This stems from the fact that in vivo, the smaller effector molecules can diffuse more quickly to their prelabeled target (and similarly have faster clearance rates) than the larger targeting antibody modules (34) . Although the avidin−biotin system is widely described, there may be some modifications that would improve the use of this system in in vivo applications. This could include exchanging the avidin conjugation with streptavidin [which has longer retention time in the blood stream and predominantly renal rather than hepatic clearance (32) ], the use of more biologically stable biotin derivatives (35) , or the potential to use biotin-deficient diets in mouse models (to reduce the effect of endogenous biotin binding to the targeting module) (36, 37) .
With the possibilities to adapt this system to a variety of molecular imaging targets and the ability to detect concentrations of CrA-based biosensors as low as 20 nM, this modular approach offers not only a versatile technique with which to screen targets but one which can move forward with the xenon MRI field as it moves closer to molecular imaging in vivo.
Materials and Methods
Cell Lines. NIH/3T3 fibroblasts (ATCC CRL-1658) were grown in very low endotoxin-DMEM with stable gluatmine (Biochrom AG) supplemented with 10% (vol/vol) FBS (Biochrom AG). RAW 264.7 macrophages (Sigma-Aldrich) were grown in RPMI 1640 with stable glutamine (Biochrom AG) supplemented with 10% (vol/vol) FBS (Biochrom AG). Both cell lines were grown at 37°C in a humidified incubator with 5% CO 2 .
After reaching ∼70% confluency, RAW 264.7 macrophages were stimulated for 18 h with 100 ng/mL LPS from Escherichia coli 0111:B4 (SigmaAldrich) in RPMI 1640 with stable glutamine supplemented with 10% (vol/vol) FBS. NIH/3T3 cells were harvested by incubation with 0.05% Trypsin-EDTA (Biochrom AG); RAW 264.7 macrophages were harvested by manual detachment of the cells by scraping.
Synthesis of the Biotinylated CrA Modules. The CrA−biotin module was synthesized using microwave (mw)-assisted acylation to connect CrA monoacid (provided by Kangyuan Jiyi Inc.) with Biotin-PEG 3 -amine (ChemPrep) with a final yield of 48%. Synthesis of the branched CrA−fluorescein−biotin construct was performed through mw-assisted acylation using a "one pot" protocol (38) modified for the purpose to connect three units together: (i) Biotin-PEG 3 -amine, (ii) CrA diacid (provided by Kangyuan Jiyi Inc.), and (iii) PEG-FAM-amide with a final yield of 10%. PEG-FAM was synthesized as previously described (24) with the adaption of the synthesis for mw-assisted Fmoc-solid phase peptide synthesis. All constructs were purified via RP-HPLC/UV and their mass confirmed using a MALDI-TOF spectrometer. See SI Text and Figs. S2 and S8 for further details. Stock solutions of all biotin conjugates were made in DMSO.
Avidin-Antibody Biosensor Conjugates. 1 mg of both monoclonal anti-CD14 specific antibody (ABIN 1176993; antibodies-online GmbH) and control IgG2b (chain kappa) isotype antibody (ABIN 287151; antibodies-online GmbH) were conjugated with avidin using the commercially available EasyLink Avidin Conjugation Kit 1mg (ab102860; Abcam) according to manufacturer's instructions. Avidin-antibody conjugates (molecular mass ∼160 kDa) were purified from any unbound avidin (molecular mass ∼69 kDa) by adding 10 mL sterile Dulbeco's PBS (DPBS) to the product of the conjugation reaction and then concentrating the solution ∼fivefold through an Amicon Ultra 15, 100-kDa concentrator (Merck Millipore) with three sequential PBS additions. The final avidin-antibody conjugates were concentrated to ∼0.5 μg/μL in DPBS and stored at 4°C. The "complete" biosensor conjugate was prepared in vitro by the incubation of 100 μg avidin-antibody conjugate with a 40-fold mole excess of biotin conjugates (readout modules) in a mole ratio of 1:4 fluorescein−biotin (Thermo Scientific) to CrA−biotin, for 30 min at room temperature. After incubation, the product was purified and concentrated fivefold through an Amicon Ultra 15, 100-kDa concentrator (Merck Millipore). This separated the antibody conjugates (molecular mass ∼160 kDa) from any unbound biotin conjugates [CrA−biotin, 1339.54 Da (see Fig. S2 ) and fluorescein−biotin, 732.80 Da] in the product. The final CrA−fluoresceinantibody conjugates were concentrated to 0.5 μg/μL in DPBS 1% DMSO and stored at 4°C.
Incubation of Cells with Biosensors. For each xenon MRI experiment, 10-20 × 10 6 cells were harvested and aliquoted into a 15-mL Falcon tube and pelleted by centrifugation (400 × g for 4 min at 25°C). The cell pellet was resuspended in a 200-μL volume per million cells in DPBS (Biochrom AG) containing 3% (wt/vol) BSA and 2 μg of the avidin-labeled CD14 antibody, the avidin-labeled IgG2b control antibody, or the complete CD14 biosensor construct. The cells were incubated for 1 h in the dark at 4°C. Following the incubation, the cells were pelleted by centrifugation (400 × g for 4 min at 25°C) and washed twice with ice-cold DPBS containing 3% (wt/vol) BSA. A small sample was taken for cell counting and viability analysis with Trypan Blue 0.5% (Biochrom AG) using a TC20 Automated Cell Counter (Bio-Rad). All cells used in further experiments have >95% viability as assessed by Trypan Blue analysis.
Cells that were incubated with the complete biosensor constructs were then resuspended in the appropriate buffer and analyzed by either flow cytometry, xenon NMR spectroscopy, or xenon MRI.
Cells that were incubated with the avidin-labeled antibody conjugates were resuspended in 200 μL DPBS containing 3% (wt/vol) BSA per million cells with 1 μM fluorescein−biotin (Thermo Scientific) and 4 μM CrA−biotin (final DMSO concentration 1%) and incubated for 30 min in the dark at 4°C. Cells were pelleted by centrifugation (400 × g for 4 min at 25°C) and washed twice with ice-cold DPBS before being resuspended in the appropriate buffer and analyzed by either flow cytometry, xenon NMR spectroscopy, or xenon MRI.
Flow Cytometry. For flow cytometry, 0.5 × 10 6 cells were removed from samples after incubation with either sequential or complete biosensor modules as described in Incubation of Cells with Biosensors. For control experiments with unlabeled antibody, the cells were incubated with 2 μg CD14 antibody for 1 h at 4°C, followed by 1:1,000 dilution of secondary goat antirat IgG FITC (ABIN102120, antibodies-online GmbH) for 30 min in the dark at 4°C. All cell samples were resuspended in 500 μL DPBS and kept in the dark, on ice, before the flow cytometry measurement. The absolute fluorescence intensity of fluorescein was measured on the FL1 channel and compared for each cell line and biosensor under identical acquisition parameters.
Flow cytometry was performed on a BD FACSCalibur flow cytometer using BD CellQuest Pro Acquisition software. Data were then analyzed with FlowJo analysis software. The absolute fluorescence from triplicate experiments is presented.
Hyper-CEST Experiments. After incubation with the biosensor (as described above), the cells were resuspended at a concentration of 5 million cells per milliliter in PBS. To reduce foam formation when bubbling xenon in the gas mix, 0.2% of Pluronic L-81 (BASF) was added just before MRI measurements. The cell suspension was transferred to an NMR double bubbling chamber, with the RAW 264.7 cell suspension in the inner compartment and the 3T3 cells in the outer compartment. This setup was then connected to the hp-Xe MRI system and placed inside the NMR magnet.
Xenon Hyperpolarization and MR. All NMR studies were performed using a 9.4 T Bruker AV 400 wide-bore NMR spectrometer (Bruker Biospin) fitted with gradient coils for imaging. A 10-mm-inner-diameter double-resonant ( 129 Xe and 1 H) probe was used for excitation and detection. A custom-designed continuous-flow polarizer was used to produce hp-Xe by spin-exchange optical pumping (13, 39) . A gas mixture of 2% xenon (26.4% 129 Xe natural abundance), 10% N 2 , and 88% He was used. The achieved 129 Xe spin polarization was ∼25%. The hp-Xe was directly bubbled into a 10-mm NMR tube containing 1.5 mL of the sample by using a spectrometer-triggered bubble dispenser (3.5 bar overpressure) via fused silica capillaries (Polymicro Technologies, Molex Incorporated). The bubbling was triggered by using spectrometertriggered gas flow regulators (mass flow controllers, Omega Newport).
Hyper-CEST Spectroscopy and Imaging. For each data point in the CEST spectrum, the gas mixture was directly bubbled for 12 s into the sample solution (flow rate 0.1 standard liters per minute) followed by a 4-s delay to allow bubbles to collapse. This was followed by a 12-s, 32.4-μT saturation pulse. Evaluation of the CEST spectra of the RAW 264.7 cells incubated with the CD14 biosensor at lower power (10.3 μT, 12 s and 5.1 μT, 20 s) (Fig. 2D) clearly indicates the presence of two CrA-associated pools. These resonances correspond to CrA within a lipidic/cellular environment (left peak) and CrA within an aqueous environment (right peak), and are consistent with results from our previous cell experiments (referenced to the xenon in free solution peak at 0 ppm). CEST spectra were fit to the negative exponential of a sum of Lorentzians (40) 0 ppm) and 32 off-resonant (124 ppm) scans were taken and averaged. For the Hyper-CEST image of the cells incubated with the complete biosensor, 10 on-resonant and 10 off-resonant scans were taken and averaged. For each image, the xenon gas mix was bubbled into solution for 15 s followed by a 3-s delay to allow bubbles to collapse. This was followed by a 26-s, 30-μT saturation pulse. The image was read out using a Rapid Acquisition with Relaxation Enhancement (RARE) (41) readout (slice thickness, 20 mm; matrix size, 32 × 32; in-plane resolution, 625 μm; centric k-space encoding; bandwidth, 16 kHz; echo time, 5 ms; acquisition time, 160 ms; RARE factor, 32). Image processing (see SI Text and Fig. S6 ) was done using Python.
Quantification of Cell-Bound CrA. The concentration of cell-associated CrA was estimated by measuring the fluorescence intensity in cell lysates in parallel to MRI measurements. RAW 264.7 and 3T3 cells were incubated with biosensor for hp-Xe NMR measurements (as described). After washing with PBS, 1 million cells were removed from each sample and pelleted by centrifugation. Cells were lysed by adding 50 μL of cell lysis buffer [PBS containing 2% (vol/vol) SDS and 1% Triton X]. The cell lysate was diluted by the addition of 100 μL PBS containing DMSO, to give a final 150-μL volume of cell lysate in PBS, 0.5% SDS, 0.25% Triton X, 1% DMSO per sample. Two standard curves were generated by dissolving the two readout modules: CrA−biotin and the branched CrA−fluorescein−biotin in PBS containing 0.5% SDS, 0.25% Triton X, 1% DMSO final. The fluorescence of each sample in a 96-well black fluorescence plate was read at excitation 485 nm, emission 520 nm by a Tecan Safire fluorescence plate reader. The number of cell-associated CrA molecules was calculated by assuming the ratio of fluorescein to CrA in the sample is consistent with the ratio of the two readout modules used in the incubation. Therefore, for the sequential incubation, the quantification of
CrA was calculated as 4 times that of the fluorescein. For the branched construct with a 1:1 ratio of fluorescein:CrA, no conversion was necessary. The effective MRI concentration is then calculated according to the MRI sample setup with 5 million cells per milliliter for each sample. Example calculations are shown in Fig. S5 .
Laser Scanning Microscopy. The 3T3 and RAW 264.7 cells (400,000) were seeded on 30-mm glass coverslips (pretreated with 100 μg/mL poly-L-lysine) in six-well plates and grown for 24 h. The immobilized cells were incubated sequentially with the target module and then the readout module components of the biosensor in DPBS (Biochrom AG) containing an additional 1 mM Ca 2+ , 3% (wt/vol) BSA for 1 h each at 37°C in a humidified incubator with 5% CO 2 . Cells were then washed twice with DPBS (Biochrom AG), and fresh media were added to each well. The cells were incubated with Hoechst Stain solution (H6024; Sigma) for 15 min before each imaging. Live cells were visualized on a LSM 510 (Carl Zeiss Microimaging GmbH) microscope using an ×100 oil objective. Fluorescence signals were recorded using the following lasers: a 488-nm argon laser/ BP 505-550 nm for the fluorescein coupled biosensor and a 543-nm UV laser/LP 364 nm for Hoechst nuclear stain. Images were processed using the ZEN 2009 light Edition (Carl Zeiss Microimaging GmbH).
